Abstract-This paper presents the control strategy and efficient tasks for training with ReachMAN, a compact, portable 3 degree-of-freedom robot to train reaching, pronosupination and grasping, independently or in combination. A pilot study was performed with three sub-acute patients to evaluate the potential use of ReachMAN as a rehabilitation tool, and determine how it should be used. All subjects improved their motor function, and gains in the range and quality of movements were seen, which are not detectable by typical functional assessment.
I. INTRODUCTION
Every year, about 0.2% of the population suffers a stroke in developed countries, (i.e. about 150,000 people in the UK,) and stroke is the main cause of severe disability [1] . Stroke survivors commonly experience weakness of half of the body. This may affect sitting balance, walking and also arm and hand functions such as reaching, pronosupination and grasping which are essential for activities of daily living (ADL).
Physiotherapists work with patients to maximize functional recovery. While there is evidence that increasing the intensity of physiotherapy improves recovery of motor function [2] , patients receive only short periods of time on upper limb therapy [3] . Patients are usually discharged from hospital once they can walk, even if the upper limb remains impaired [4] . Further, physiotherapy interventions are difficult to standardize between practitioners.
Training with robotic device promises to address some of these issues. Several clinical studies, performed on chronic patients, have shown that robot-assisted rehabilitation of arm movements provides similar or larger improvement of the motor function than conventional therapy [5] [6] [7] . Robots can provide intense, consistent treatment and provide objective assessment. They can train a broad range of exercises and promote motivation through therapeutic games. Our vision is that the patients could train whenever they want and are motivated to do so sufficiently often to get maximal possible recovery of their motor function. However, many robots currently used for therapy are large, complex and expensive, which hinders their use in the health system. Our goal is to develop simple systems that could be easily integrated in existing hospital environments, decentralized centers and even used at home.
In this context, we have recently developed the ReachMAN (Fig. 1 ) a compact robot to train reaching, pronosupination and grasp, independently or simultaneously [8] . Its design was simplified by considering regularities of human movements, providing a reduction of possible movements to a low dimensional space. For example, reaching movements to take objects in space are roughly straight to the target [9] , so a simple linear slider oriented in various directions could be used to train reaching instead of a mechanism with 6 degrees-of-freedom (DOF).
This paper first presents new developments made on Reach-MAN, in particular the control modalities and the implemented tasks. It also reports a pilot study with three subacute stroke patients using ReachMAN over a period of four weeks, performed at the (UK) National Hospital Neurology and Neurosurgery (NHNN). It is important to develop efficient treatments for patients in the sub-acute phase, as this will likely result in larger improvements of the motor function than with patients in the chronic phase [6] . However, most previous studies of robot-assisted therapy have been performed on chronic stroke patients [5] [6] [7] so that any improvement could then be ascribed to the treatment. Progresses during the sub-acute phase may be masked by spontaneous recovery or the impact of physiotherapy. Robot-assisted treatment with sub-acute patients were reported using MIT-MANUS robot [10] [11], Mirror Image Motion Enabler (MIME) [12] and NeReBot [13] . In these studies, patients less than 6 months post-stroke train 4-5 hours per week with the robot for 4-7 weeks in addition to the conventional therapy. It was found that these patients improved the shoulder and elbow functions relative to patients from a control group who had only conventional therapy. However, the improvement did not generalize to untrained joint such as hand pronosupination and grasping which are critical to ADL.
The first goal of our pilot study was to determine whether the ReachMAN robot is suitable for use by sub-acute patients. Sub-acute stroke patients typically have different problems than chronic patients. For example, they may only be able to participate in short periods of therapy, and often have hemiplegic shoulder pain [14] . Although there are conflicting evidence for the cause of this and the adequate treatment, best practice suggests that the shoulder should be moved with appropriate rotation of the scapula and humerus in order to avoid impingement or damage to the rotator cuff [14] . Therefore it was ensured that this appropriate movement is not prevented with ReachMan. We also monitored if patients experience shoulder pain with use of the robot. The second goal was to quantify potential benefits of therapy with ReachMAN and to determine important parameters for the design of efficient tasks for training.
II. REACHMAN ROBOT
In order to determine the needs for a robot to perform rehabilitation of motor functions of ADL, we carried out a study to analyze the kinematics of three common functional tasks: pick-an-place, drinking and eating, and to identify the workspace requirements for these tasks [9] . The results showed that the lateral deviation of the movement during all these tasks is small compared to the target distance, so these activities are essentially performed in a plane. This motivated us to develop ReachMAN, a compact robotic device with only three DOF and using an endpoint control based approach. ReachMAN was designed to train reaching and manipulation, and can exercise movements corresponding to many ADL [8] . The first DOF with a linear guide enables training reaching, the second rotary DOF is used for training hand pronosupination and a third DOF is for grasping, which is common to all manipulation tasks.
Generally, arm movements and manipulation are trained using robots that are free to move in space. However this requires many DOF. For example the Gentle/s robot [15] , one of the first robot developed to train reaching and manipulation, has 9 DOF (6 actives and 3 passives). This makes such systems large and expensive, thus difficult to integrate in small rehabilitation centers and not well suitable for home use. In general, the more active degree of freedom used in a robot, the more expensive and less safe the system will be [5] .
A. Robot description
In the version used by the sub-acute patients, Reach-MAN can train reaching, hand pronosupination and hand opening/closing, separately or simultaneously [8] . The linear actuator can provide up to 100N within a 400mm range. A rotary DC motor is used for training pronosupination, which can produce 1.5Nm within a range of 240 o . To train grasping, the hand interacts with a handle actuated by a pair of DC servo motors producing 10N within a range of mm. The mechanism to train reaching and manipulation ( Fig. 2 ) is placed on a height adjustable platform ( Fig. 1 ) which can be moved around using the lockable wheels underneath. Patients can either stand or sit with the arm resting on the support. The hand is secured to the handle using Velcro band. Patients can train reaching, pronosupination and grasping while looking at the computer monitor for visual feedback. The graphics depict the movement of the robot's handle and the target position. Several redundant safety measures are also implemented.
B. Control
The control is implemented on a Labview real-time (RT) target running at 1kHz. The RT target read forces, encoders and sensors from ReachMAN via a NI-PCI-6259 data acquisition card and sets the motors' torques, which are controlled via a low-level controller using an (ADS 50/5-Maxon) servoamplifier. The host computer displays visual feedback at 30Hz and communication with RT Target is done via TCP/IP. Data is stored on the target at 100Hz and can be retrieved later for post processing.
Two control modalities were implemented for interacting with the patients: passive and active modes. In the passive mode, the robot guides patient arm using a proportional derivative (PD) linear feedback trajectory control, while the patient can relax. This is used to reduce contraction of arm muscles or for warm-up before undergoing the actual therapy session. In active mode, the patient is encouraged to perform the movement, which is either assisted or resisted by the robot. Assistance enables patients with weaker arm to complete movements, which also motivates them, while resistance can be used to strengthen muscles of patients with more capabilities. Due to different mechanical characteristics of every DOF of the robot (i.e. grasping, pronosupination and reaching), different control strategies were used for each of these.
• A simple impedance control law
was used for grasping, where the angular velocity (ω grasp ) was measured and a reaction torque (τ grasp ) was fedback to the user. Resistive or assistive torques can be provided with positive or negative damping (D).
• An impedance control was not suitable for linear reaching movements as the Coulomb friction of the linear guide is high (approximately 25N) and only a small portion of (sub-acute) patients can provide forces higher than this value. Therefore, the simple control law
which amplifies the patient's interaction force, was used. Patient's push/pull force (F arm ) is first measured and multiplied by a gain (K), which then gives the force to be provided at the robot's handle (F robot ). Again lower than 1 resists the patient's movements, and higher than 1 assists them.
• For the pronosupination movement, a simple form of admittance control
where
was used. This allowed us to either assist or resist patient's movements in a very simple way with a low-friction, highinertia handle. A PD position control was used to maintain to the robot's handle oriented in a reference position (x r ). Then, pronosupination torque (τ pronosup ) applied by the patients was measured and multiplied by a gain (K) to then compute a new reference position. By adjusting the gain value, the robot can either assist or resist the patient's movement.
These simple control laws (eq. 2 and 3), amplifying or reducing the patients' interaction forces, are suitable for patients who can generally only make mild movements and produce very low forces. The visual error was amplified 2 times for patient training in range smaller than 40mm for linear reaching and 20 o for pronosupination exercise, to motivate subjects performing movements. Fig. 3 , namely A: reaching, B: pronosupination, C: hand opening/closing and D: a combination of reaching and pronosupination. In exercise A, the patient has to push or pull the handle to reach the target as shown on the monitor. In exercise B, patient starts the position at 0 o and rotates the forearm to the left or right depending on the position of the target. These exercises can be performed with different difficulty levels from the easiest (assistive) to the hardest (resistive). Table I shows the resulting resistance reaching force and pronosupination moment at four different levels. In the grasping exercise, the patient is required to either open or close his hand. In the combination exercise, patient has to perform hand pronosupination and reaching simultaneously. One of the important combination patterns is to start arm position near to body with hand pronosupination at 0 o and then move away from the body to either pronate or supinate. Such movements are important for functional tasks such as feeding or combing hair. All the exercises are performed as a similar task where the patient has to move the handle to a target position within 10 seconds and hold at the target for about 0.5 seconds. A new target appears when the patient has successfully reached the target. If the time limit is breached, the trial is considered as failed, and robot will complete the movement to the target, before a new target appears. The patients perform series of 10 trials for each of the exercises. Each series has two pre-defined target positions to reflect the range of movement that the patient has to reach. Maximum motion ranges were set as 150mm for reaching, ±45 o for pronosupination and 50mm for hand opening.
C. Exercise modules
The percentage of successful trials is given at the end of each series. Speed, smoothness and accuracy were not included in the score because the main priority is for patient to regain movements. Each series is treated like a game where the patient has to complete all the 10 trials within a time frame to get a good score. This is to motivate the patients to progress in their motor function by improving their score. Parameters such as range of movement, level of difficulty, assistance, holding duration and visual error amplification are adjustable to suit patient capabilities.
III. EXPERIMENT

A. Subjects
The research study was approved by the joint research ethics of the NHNN and the Institute of Neurology in London.
All subjects gave consent prior to participation. One female and two male sub-acute patients with ages 36, 53, and 61 years participated in the study, who had suffered a single stroke within 3 months prior to the study. Two patients were affected by a left middle cerebral artery infarct, and the third one by a right middle cerebral artery infarct. These patients had no major shoulder complication, were able to understand instructions on how to use the robot, and had no visual impairments. They could perform limited reaching movements. None of them was able to pronate/supinate or open/close the hand when starting the robotic therapy. All patients were receiving conventional physiotherapy on a daily basic which followed a Bobath approach, focusing on normal movement principles.
B. Protocol
Patients carried out ten 30 minutes long sessions over a period of four weeks, with 2 or 3 sessions a week. A session could be interrupted before the 30 minutes if the patient became tired or would experience pain. Patient's motor function was assessed at the start and end of the study using Fugl-Meyer assessment -upper limb section, Chedoke Arm and Hand Activity Inventory Score, Action Research Arm Test (ARAT) and strength for both reaching and pronosupination. The patient sat comfortably either on a wheelchair or on a chair and the impaired hand rested on the arm support. The height and distance of the robot were adjusted such that the elbow was flexed 90 o , shoulder abduction to about 35 o and shoulder flexion at 0 o (all tolerance at ±10 o ). The hand grasped the robot handle and was secured with Velcro band. The sequence and number of series were adapted to the performance of the patient, but all patients started with the reaching exercise followed by pronosupination, grasping, then by the combination of pronosupination and reaching. Each series contained 10 movement trials, and maximally 10 series were completed for each exercise. However, if there was no movement at all, the particular series was limited to three trials. The patients started with small range movements in active-assisted mode, then the movement range was gradually increased with improving performance. Parameters such as range of movement and difficulty level were adapted according to observations from the physiotherapist. Range of movement (ROM) and level of difficulty were increased if patient was able to perform more than 90% trials successfully, without body movement.
C. Data analysis
The number of exercises performed, ROM achieved, movement smoothness, strength and functional assessment, were analyzed for each of the three patients. The number of exercises includes both successful and unsuccessful movements, i.e. represents the total number of attempts. Movement smoothness is evaluated from the number of peaks in the velocity profile [16] . Only movements with negligible involvement of the upper body were considered for the ROM analysis. The changes of functional assessments measures are also presented.
IV. RESULTS
No pain or discomfort was reported by the patients during or after training with the robot. The number of series of trials to perform in a session was not specified, e.g. the patient would continue exercising with the robot for 30 minutes or less if he or she was tired. Fig. 4 shows the number of total trials and the percentage of successful trials throughout the 10 sessions. For the three patients, the total number of trials increased throughout the sessions. Patient 1 (P1) completed 170 trials in the first session and increased to 270 trials in the tenth session. Patient 2 (P2) and Patient 3 (P3) improved from 70 and 120 trials to 310 and 140 trials, respectively. P2 and P3 also increased their percentage of successful trials from 57.14% and 37.5% to 80.97% and 92.86%, respectively. P1 had already relatively high success rate at the beginning of the robot therapy, with more than 75% successful trials in all the sessions. 5 shows the total numbers of trials on each exercise. Among the four exercises, reaching exercise was the most trained by all the patients followed by pronosupination, grasping and combination exercise. Fig. 6 shows how the ROM changed throughout the sessions. All patients increased the ROM in reaching. P1, who had relatively good arm control prior to robot rehabilitation, could increase the range of his reaching movements from 100mm in the first session to 150mm at the end of the study. P2 and P3 increased their range of movement of 30mm and 10mm, respectively. None of the patients was able to perform hand pronosupination, opening or closing prior to the robot training. However, P1 started to regain pronosupination movement during the fourth session, and gradually improved until at the end of the study, where P1 could pronatesupinate to a range of 90 o . Pronation activity in P3 was also detected but it was still very weak at 20 o maximum. Only P1 gained the capability to close the hand. All patients were still unable to open their hands at the end of the 4 weeks.
Less peaks in a speed profile indicates a smoother movement. Fig. 7 shows the trend of movement smoothness for the three patients. Two patients, P2 and P3, showed an improvement in movement smoothness towards the end of the session. No improvement was observed in P1 could be due to the frequently increased of level of difficulty for constant challenged compared to 2 other weaker patients, and the fact that this patient had already relatively good motion pattern at the beginning of the therapy. Fig. 8 presents the position and velocity waveforms of P2 reaching movement at sessions 1, 5 and 10. One can observe changes in the motion patterns, with little movement in the first session, trials with large variability and back and forth in the fifth session, and faster more direct movements in the last session. Table II summarizes the patients' strength in the first and last sessions. The patients improved their strength in all movements except P2, for whom the pulling force decreased slightly from 12N to 10N and he had no strength in pronation/supination. The evolution of functional assessments (Table  III) shows that P1 improved from 28 to 43 in Fugl-Meyer score, 12 to 22 in Chedoke and 3 to 12 in ARAT. P2 and P3 had no changes or very minor improvement, although there were improvements in the motor activity as detected by the robotic system and analyzed above. The score for these two patients is very low, which suggests that their motor capabilities were below the effective range of these tests. An interesting phenomenon we observed during training with ReachMAN is that patients were using the complete functionality of the device, sometimes unconsciously while focusing on other tasks. For example, while no one of the subjects was able to do hand pronosupination prior to the robotic therapy, two patients unconsciously pronosupinated their hand during the reaching movement in some sessions. This is possible due to the design of the robot allows to rotate the forearm during while reaching, maybe enabling patients to perform more natural movements than with rehabilitation robots with fixed hand posture. At the end of the study, P1 could do full pronosupination while P3 was starting to perform pronosupination. This shows the benefit of ReachMAN design with free pronosupination movement during reaching movement, enabling a combined therapy. It was also observed that patients regained hand closing when they tried to open their hand. One of the exercises was where patients were required to open their hands within certain time frame failing which the robot will passively guide the hand to open position. Instead of following the opening trajectory, patient's hand was resisting the opening movement. Similar to the pronosupination, the patients could not actually close their hand when specifically asked to in the initial stage, but two patients slowly gained the closing capability over the sessions.
V. DISCUSSION
The objective of this pilot study was to evaluate the use of ReachMAN to assist stroke patient recover motor function at the sub-acute phase for reaching, pronosupination and grasping. The first finding is that the patients felt comfortable, were motivated and reported no pain or shoulder discomfort during or after the robot therapy.
The results also show an increase in patients' upper limb motor activity, range of movements, smoothness and strength. Patient P1, who started with a relatively good motor function, did not improve motion smoothness, but increased both movement amplitude and in the functional assessments. Patients P2 and P3, who had larger impairments, and are practically below the functional assessments range, nevertheless increased both the number of movements performed and the proportion of successful trials. However, interference with spontaneous recovery should be analyzed in a more systematic study with more subjects and a control group.
This pilot study suggests that the robot may allow patients to extend time for training the upper limb. For example, patient P3, who had severe impairment in both right upper limb and lower limb, could train up to 140 movements in 30 minutes, which is more arm movements that could have potentially been possible in a therapy treatment session. P1 and P2 managed to train up to 270 and 310 movements respectively in their last session.
The rehabilitation strategy plays a very important role in recovery. At initial stage, the patients generally could only make slight arm movement; sometimes the movement was not visible although they had produced some force. The robot's active-assisted strategy allows them to move a much larger distance and visual amplification gave patient a sense of larger movements than their actual distance. These methods motivate patients to continue exercising and may have contributed to the observed increased of movement range.
ReachMAN is a compact and portable robotic device and could be easily placed in the therapy room at NHNN, however it can only train reaching along a straight line. Would this limitation prevent efficient rehabilitation, as there is no lateral motion deviation and no proprioceptive position error? We recently performed a motor learning study with healthy subjects [17] , which showed that constraining motion impedes learning, however providing visual virtual feedback of the deviation corresponding to the force exerted along the wall enables normal learning. This strategy will be tested on stroke patients.
This pilot study enabled us to identify the important parameters for a larger study with sub-acute stroke patients. Automatic adaption of motion parameters will ensure more systematic rehabilitation than current study, where the adaption was based on observations from a physiotherapist. Exercises will start from baseline subject specific ROM values, i.e., 50mm for reaching, 20
o for pronosupination and 20mm for hand opening/closing. Parameters for the assistance-resistance and ROM will adapt automatically according to a patient's score based on movement completion in a series of 10 trials.
